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The electrodynamic response of the spin-ladder compound Sr14−xCaxCu24O41 (x = 0, 3, 9) has
been studied from radiofrequencies up to the infrared. At temperatures below 250 K a pronounced
absorption peak appears around 12 cm−1 in Sr14Cu24O41 for the radiation polarized along the
chains/ladders (E ‖ c). In addition a strongly temperature dependent dielectric relaxation is ob-
served in the kHz - MHz range. We explain this behavior by a charge density wave which develops
in the ladders sub-system and produces a mode pinned at 12 cm−1. With increasing Ca doping the
mode shifts up in frequency and eventually disappears for x = 9 because the dimensionality of the
system crosses over from one to two dimensions, giving way to the superconducting ground state
under pressure.
PACS numbers: 74.72.Jt, 72.15.Nj, 74.25.Nf
Low-dimensional quantum spin systems with spins and
charges arranged in chains and/or ladders are under in-
tensive study theoretically as well as experimentally [1].
A number of intriguing magnetic and electronic proper-
ties are inherent to those systems because of their specific
arrangement of spins and charges; also the interplay be-
tween spin and charge degrees of freedom produces a vari-
ety of unusual phenomena [2–4]. Most important, it was
predicted [5,6] that due to the presence of a spin gap and
paired charge carriers, doped even-leg ladder compounds
can produce superconductivity reminiscent to that in the
underdoped high-Tc cuprates; alternatively, they can un-
dergo a charge-density-wave (CDW) transition.
The spin-ladder system Sr14−xCaxCu24O41, where the
superconductivity was discovered under pressure [7], has
attracted much attention in the last years. Its structure
contains mutually interpenetrating subsystems of CuO2
chains and Cu2O3 two-leg ladders [8,9]. The parent com-
pound Sr14Cu24O41 is inherently doped with holes and
has a rather high dc conductivity along the c axis (lad-
der/chain direction) of about 300 (Ωcm)−1 at 300 K, with
an anisotropy σc:σa:σb ≈ 1000:100:1 [10] (a denotes the
rung direction and b is the direction perpendicular to the
ladders’ plane). When Sr is substituted by the isova-
lent Ca the conductivity along all three axes increases.
It is under debate whether the electronic properties of
Sr14−xCaxCu24O41 are determined by a single-particle
response or can be influenced by collective effects, like
CDWs [11–13]. Even in the ‘simple’ Sr14Cu24O41 it is
not clear what the mechanism of dc conductivity is, how
the holes redistribute between chains and ladders when
temperature and doping are changed; what is the nature
and the interrelation of spin gaps and optical pseudogaps,
the role of collective excitations, and the effect of the di-
mensionality on charge transport and superconductivity.
In order to address these questions we have investigated
the charge dynamics of Sr14−xCaxCu24O41 by means of
optical spectroscopy. In this Letter we present clear ev-
idence that a CDW forms in this quasi-one dimensional
compound. Increasing the dimensionality by Ca dop-
ing and pressure suppresses the CDW ground state and
makes the system superconducting.
The high-quality single crystals (cylinders of about
5 mm in diameter and 7 mm long) were grown by a
traveling-solvent floating-zone method. For the dc resis-
tivity measurements four electrical contacts to the sam-
ple were obtained with silver paste applied directly on the
surface and heated to 600 K in oxygen. In the radiofre-
quency range (1 Hz to 1 MHz) the spectra of the real
and imaginary parts of the dielectric constant (ǫ′ + iǫ′′)
were obtained from the complex admittance measured at
60 K < T < 110 K by a technique described in [14].
For frequencies 5 to 25 cm−1 a coherent source quasiop-
tical spectrometer was utilized for direct measurements
of ǫ′ and ǫ′′ [15]. From the far infrared (FIR) up to
10 000 cm−1 we determined the polarized reflection by
a Fourier transform spectrometer. The combined data
sets were analyzed by the Kramers-Kronig relations in
order to obtain the spectra of ǫ′(ω), ǫ′′(ω), and con-
ductivity σ(ω). In addition, the non-linear transport of
Sr14Cu24O41 was investigated at various temperatures.
The frequency dependences of the c-axis conductivity
and the real and imaginary parts of the dielectric con-
stant of Sr14Cu24O41 are displayed in Fig. 1. Our findings
agree with previous infrared experiments [11,12,16,17].
At 300 K the conductivity is Drude-like and coincides
with the dc values. Weak phonon features are seen be-
low 1000 cm−1, together with a bump around 2000 cm−1
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which is caused by the holes in the ladders [12,16]. Low-
ering the temperature, the overall conductivity from dc
up to the FIR decreases making the phonons more pro-
nounced; the bump looses its intensity. The new fea-
tures we have observed are the intensive mode in the FIR
range at 10−15 cm−1, and a strongly temperature depen-
dent relaxation in the radiofrequency spectra of ǫ′(ω) and
ǫ′′(ω). No signs of the FIR mode are found in the a and
b directions [15]. Predictions of a mode existing below
50 cm−1 were made earlier on the basis of infrared mea-
surements in pure [11] and Ca-doped [12] Sr14Cu24O41;
indications of a peak around 14 cm−1 were also seen in
the room-temperature Raman spectra [18]. We observe
the development of the mode below approximately 250 K.
As the temperature decreases to 60 K (inset of Fig. 1)
it gets more pronounced and softens slightly from 14 to
12 cm−1; basically no changes are found going down fur-
ther to 5 K. While at high temperatures the shape of the
mode can be fitted with a single Lorentzian (plus a Drude
term for free carriers), it becomes more complicated at
low temperatures [15].
The radiofrequency relaxation is clearly observed as a
peak in the ǫ′′ spectrum accompanied by a strong disper-
sion of ǫ′. These spectra can be described phenomeno-
logically in terms of a generalized Debye expressions
ǫ′(ω) + iǫ′′(ω) = ∆ǫ/[1 + (iωτ1)
1−α]. (1)
Here ∆ǫ is the strength of the relaxation, τ1 is a mean
relaxation time and 1 − α describes the relaxation time
distribution. The solid lines in Fig. 1 result from fits
of the spectra by Eq. (1). The so-obtained temperature
dependences of the relaxation parameters are shown in
Fig. 2 together with the dc conductivity of Sr14Cu24O41.
We ascribe the 12 cm−1 mode to the CDW which de-
velops on the ladders, where the majority of delocalized
charges sit [12], and is pinned by imperfections; corre-
spondingly, we assign the low frequency mode to the
CDW relaxation broadened due to normal carriers, which
flow around the pinned CDW and produce screening cur-
rents. Before we come to a detailed analysis, let us sum-
marize the arguments for our interpretation: (a) It is un-
likely that the discovered FIR mode is of simple phonon
origin. While practically no change is seen in the phonon
spectrum of Sr14−xCaxCu24O41 (above 100 cm
−1) when
going from x = 0 to x = 3 [15], this mode shows a strong
shift from 12 to 23 cm−1 (Fig.1) and disappears with fur-
ther doping (x = 9). We also rule out that the resonance
is produced by pairs which form a correlated Luttinger
liquid – a possibility proposed recently [19] – because the
mode appears at elevated temperatures and cannot be
fitted by the corresponding expressions. (b) The CDW
is one of the possible ground states in a spin-ladder sys-
tem like Sr14Cu24O41 [1,6] where the electronic bands are
essentially of one-dimensional character [20]. (c) We ob-
serve the CDW-related absorptions only along the highly
conducting c axis. (d) As expected for the formation of a
CDW [21], experimental indications for the charge order
[16] and lattice superstructure [22] are seen in the lad-
ders of Sr14−xCaxCu24O41. The phonon spectrum shows
signatures of a Brillouin zone folding below 200 K [15]
which gives evidence for a lattice superstructure. (e) The
resonance at 12 cm−1 is characterized by an enhanced
effective mass, typical for collective excitations like the
CDW. (f) We do not observe any resonance for x = 9
when the system looses its one-dimensionality [23,24].
(g) The absorption features we observe in Sr14Cu24O41
are extremely reminiscent of the CDW response in most
well-known one-dimensional compounds like K0.3MoO3,
NbSe3, TaS3, and (TaSe4)2I [21]. As we will discuss next,
this holds qualitatively (Fig. 1) as well as quantitatively.
Utilizing a standard theory for one-dimensional CDW
systems we now will describe the dynamical response of
Sr14Cu24O41. Following Littlewood’s model [25] we con-
sider a deformable CDW which interacts with the uncon-
densed carriers in conditions of non-uniform pinning. It
accounts for the existence of two modes: transverse and
longitudinal. The former couples to electromagnetic ra-
diation and yields a high frequency pinned CDW mode,
whereas the latter couples to an electrostatic potential
and results in an overdamped low frequency relaxation
around 1/(2πτ1) due to screening effects. In the real
systems, absorptions arise from the mixing of a longi-
tudinal plasma-like oscillations of the CDW (with the
screened plasma frequency Ω2p = ρ
2
c/ǫzm
∗) with a trans-
verse pinned mode at Ω0 =
√
V0/m∗ due to symmetry
breaking (non-uniform pinning); this mixing can account
for the unusual spectral shape of the CDW resonance
we observe in Sr14Cu24O41. The pinning potential is
given by V0; the charge density by ρc = ne; ǫz is the
high-frequency dielectric constant, and m∗ is the effec-
tive CDW mass. First we note that the position of the
relaxation peak in ǫ′′(ω) is thermally activated (Fig. 2)
with the same activation energy as the dc conductiv-
ity, as predicted by the model [25]. Further, estimating
n ≈ 1021 cm−3 as the carrier concentration [17], taking
σz = 10
−4 (Ωcm)−1 as the plateau conductivity between
the two excitations and 1/(2πcτ1) = 1.7 × 10−5 cm−1,
Ω0/(2πc) = 12 cm
−1 (Fig. 1), ǫz = 5 [15], we get an effec-
tive mass m∗ ≈ 200m0, a plasma frequency Ωp/(2πc) ≈
190 cm−1, and n∗ = m∗Ω2p/(4πe
2) ≈ 2 × 1019 cm−3 car-
riers condensed, i.e., only 2 % of the charge carriers con-
tribute to the CDW. The CDW plasma frequency can
be independently estimated from the oscillator strength
of the mode Ωp/(2πc) = Ω0/(2πc
√
ǫz) = 120 cm
−1 [26],
which is in good agreement with the value of 190 cm−1
obtained above.
We assign the low-temperature decrease of the spec-
tral weight in the FIR (below 1000 cm−1, see Fig. 1
and [16]) to the opening of a CDW pseudogap Eg/hc ≈
2000 cm−1 (i.e., Eg ≈ 0.27 eV) and determine the CDW
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mean-field temperature TMF
CDW
= Eg/3.5kB ≈ 900 K;
this implies that CDW fluctuations should be observed
well above the room temperature. Similar rather high
mean-field temperatures were estimated in other quasi
one-dimensional conductors like TTF-TCNQ (TMF
CDW
≈
450 K) or K0.3MoO3 (330 K) [21]. The pseudogap should
govern the activated behavior of the dc conductivity
(Fig. 2, 170 K < T < 250 K). The fact that σdc(T ) is
not simply activated for 250 K < T < 300 K can be ex-
plained with CDW fluctuations which produce a collec-
tive contribution to the dc transport. This sort of para-
conductivity was also detected in other one-dimensional
CDW conductors, like K0.3MoO3 or TTF-TCNQ [27].
Below approximately 170 K the activation energy of
σdc(T ) changes from Eg = 0.27 eV to 0.12 eV. A number
of magnetic, electronic and structural properties display
an anomaly around 170 K [4,24,28–30] which may in-
dicate some type of phase transition. We suggest that
this transition is due to a second CDW which develops
in the chain sub-system of Sr14Cu24O41. Mobile holes
in the chains, essential for the CDW formation, have
been suggested on the basis of ESR measurements [4].
The additional peak observed in the microwave range at
1.7 cm−1 for T < 170 K [13,31], shown in Fig. 1, thus cor-
responds to the second pinned CDW mode; its spectral
weight is much smaller compared to the FIR mode, due
to the lower charge concentration in the chains. Similar
to the FIR mode reported here, this microwave resonance
is seen in pure Sr14Cu24O41 and for small Ca doping of
x = 3 while is disappears for larger x. We note that signs
of this resonance lying below 8 cm−1 are also clearly seen
in our low temperature reflectivity spectra [15] for x = 3.
Although the presented results clearly point towards
the collective CDW ground state in the spin-ladder sys-
tem Sr14Cu24O41 and can even be well described by Lit-
tlewood’s model, a few open questions remain. A signa-
ture of an absorption line at 14 cm−1 was already ob-
served in the Raman spectra at room temperature [18].
While the CDW phase fluctuations should be infrared
active and the CDW amplitude fluctuations only Ra-
man active [21], it is likely that both excitations mix
due to symmetry breaking; hence the resultant excita-
tion is observable by both techniques (but still only along
the conducting c direction). Interestingly, the Raman
mode seems to be pinned even at 300 K, while we do
not see any sign of the optical resonance at this temper-
ature probably due to the large screening by free carri-
ers. The CDW can be depinned by an external electric
field leading to non-linear transport [21]. We do observe
a field-dependent conductivity in our system, however,
the non-linearity is very small and the threshold cur-
rent cannot be clearly determined. An estimate of the
threshold field ET ≈ 0.1 V/cm (Fig. 2) cannot be re-
lated to the pinning frequency Ω0 by the standard ex-
pression [21] m∗Ω20 = 2eET/λ, with the wavelength λ
of the CDW taken of the order of the distance between
Cu atoms on the ladder (≈4 A˚); a similar discrepancy
was noticed for the microwave mode [13]. The effec-
tive mass m∗ ≈ 200m0 is small compared to standard
CDW materials where up to the order of ten thousand
has been reported [21]. The mentioned points can be as-
cribed to an unusual CDW state formed in Sr14Cu24O41,
as compared to typical one-dimensional conductors. This
is most likely due to the two interacting sublattices on
the chains and on the ladders. Since each is characterized
by magnetic, structural, and charge ordering, the ground
state of the system is determined by a mixture of corre-
spondent order parameters leading to excitations which
may be rather unconventional. Detailed low-energy stud-
ies of the interplay between the spin and charge subsys-
tems in (Sr,Ca,La)14Cu24O41 for different doping and in
magnetic fields are required. In addition, the internal
deformations of the CDW and the pinning mechanism
may be more complicated in this system of interacting
chains and ladders compared to strictly one-dimensional
compounds. It is not surprising that the observed CDW
phenomenon is strongly modified compared to the con-
ventional CDW compounds.
In summary, we presented evidence of a charge-
density wave formation in the ladder subsystem in
Sr14−xCaxCu24O41. For x = 0 we observed a pinned
CDW mode at 12 cm−1 below 250 K and a strongly
temperature dependent relaxation in the radiofrequency
range due to single-particle screening currents. The
pinned mode shifts up to 23 cm−1 for x = 3 and dis-
appears when the Ca doping reaches x = 9. From the
two competing ground states (density wave and super-
conductivity) expected for spin-ladder compounds, the
CDW instability dominates when Sr14−xCaxCu24O41 is
highly one-dimensional (0 ≤ x <∼ 3) but shows a tendency
to disappear when stronger Ca doping (x = 9) makes it
more two-dimensional. When external pressure increases
the coupling (and thus the dimensionality) even further,
the system finally becomes superconducting.
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Fig.1. (a) Frequency dependent conductivity of
Sr14Cu24O41 measured at different temperatures along
the highly conducting c direction. The arrows indicate
the dc conductivity; the solid lines represent fits by the
generalized Debye relaxation, the dashed lines are guides
to the eye. The peak around 1 cm−1 corresponds to
the data from [13]. The inset shows how the shape
of the pinned CDW resonance varies with temperature.
(b) Real and imaginary parts of the dielectric constant
as a function of frequency; the solid lines are fits by the
generalized Debye expression. The inset exhibits the evo-
lution of the spectral weight in the FIR range with de-
creasing temperature: the dotted line shows the pinned
CDW mode of Sr11Ca3Cu24O41.
Fig.2. Temperature dependences of the dc conductiv-
ity of Sr14Cu24O41 along the c axis and of the param-
eters which characterize the dielectric relaxation at ra-
diofrequencies [Eq. (1)]: the inverse time 1/(2πτ1) and
the strength ∆ǫ of the dielectric relaxation, and the pa-
rameter 1-α which describes the symmetrical broaden-
ing of the relaxation time distribution. The dc conduc-
tivity is thermally activated σdc ∝ exp{−∆/kBT } be-
tween 250 K and 170 K with an energy gap ∆ ≈ 0.27 eV
(∆/hc ≈ 2200 cm−1) in agreement with the onset of the
low-temperature conductivity spectrum in Fig. 1 (inset
of the lower panel) and is identified as a pseudogap due
to CDW in the ladders. Below 170 K a change of the
activation energy to ∆ ≈ 0.12 eV is observed due to the
onset of a CDW in the chains. The solid lines corre-
spond to an activated behaviors of σdc(T ) and 1/τ1(T ).
The inset shows an electric field dependent resistance of
Sr14Cu24O41 measured along the c direction at 87 K.
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